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t r a c t
The present work employed in situ infrared thermography to investigate the thermal response and dissipative mechanisms of a dual-phase steel under ultrasonic tension-compression fatigue testing. A classical thermal response occurred for stress amplitudes below 247 MPa but an abnormal thermal response was observed for stress amplitudes above 247 MPa, in that the temperature stabilized after a steep increase of up to $ 350°C. The mean dissipated energy per cycle was estimated based on temperature measurements using the heat diffusion equation. The relationship between the mean dissipated energy per cycle and the stress amplitude was studied, and mechanisms related to the observed thermal response were discussed.
Introduction
An evaluation of the fatigue properties in high-cycle and recently in very-high-cycle regimes (beyond 10 7 cycles) is of significant importance for researchers and industrial companies. Because of the costly and time-consuming nature of traditional fatigue-characterization experiments, several alternative approaches have been developed to carry out a rapid evaluation of fatigue properties. Since fatigue loading is an energy-dissipating process, it is accompanied by temperature variations of the material that undergoes a fatigue test. Therefore, most alternative fatigue characterization methods are based on a thermographic analysis of the material under fatigue loading. Some researchers have employed this approach as a nondestructive evaluation of materials under cyclic loadings (see, for example, the pioneer works of Stromeyer [1] and Luong [2] ). Moreover, this approach has been widely used to model or predict material fatigue properties such as fatigue life or endurance limit under conventional low frequency fatigue tests [3] [4] [5] [6] .
Owing to the development of ultrasonic fatigue test systems working at very high frequencies (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) , it has been possible to investigate the fatigue behavior of materials up to a large number of cycles in a reasonable testing time [7, 8] . Ultrasonic fatigue tests may induce a much higher temperature increase than conventional fatigue tests that use frequencies below 100 Hz. Therefore, several research studies have been conducted on thermal measurements and calorimetric studies for metallic materials under ultrasonic fatigue loading in high-and very-high-cycle fatigue ranges. These research works can be categorized into two groups. The first category consists of studies that have used dissipation estimations to investigate the fatigue damage process and crack initiation mechanisms in very-high-cycle fatigue regimes [9] [10] [11] [12] [13] [14] [15] [16] . For instance, Xue et al. [11] and Wagner et al. [12] used in situ thermography and fracture surface analysis for different steels and aluminum alloys under ultrasonic fatigue loading and showed that a correlation exists between the temperature fields in the specimen and the fatigue damage process. The second group of research works on thermal measurements under ultrasonic fatigue loading has employed thermal response of materials for the rapid estimation of their fatigue properties. Huang et al. [17, 18] investigated the fatigue dispersion of a titanium alloy and a low carbon steel in very-high-cycle fatigue regime using a 20-kHz ultrasonic testing machine. They observed that a plot of the variations of mean stationary temperature increment versus stress amplitude comprised two linear curves with an intersection point. They attributed the change in slope of this plot to a change in dissipation mechanism from anelastic to inelastic (similar to what has been widely reported for metals under conventional low-frequency fatigue tests [6, 19] ).
In general, for both low-and high-frequency fatigue tests, the classical temperature evolution of a material that undergoes fatigue straining and damage up to failure consists of three main stages: the first stage is an initial increase at the beginning of the test, the second stage is associated with a steady-state or a slight increase and the last stage is a final sharp increase that is related to fracture initiation (see, for example, [13, 16, 20] ). Ranc et al. [20] observed that ferritic-pearlitic C45 steel that was loaded cyclically at 20 kHz did not follow this classical thermal response and exhibited a steep increase in temperature up to a few hundreds of degrees, which did not lead to a final rupture. Huang et al. [21] observed a similar abnormal thermal response for another ferriticpearlitic steel (A48 steel according to the French standard), which showed an unusual change in temperature increase rate without any fracture initiation. In this work, DP600 dual-phase steel was studied. This steel contains an alloyed ferritic phase as the aforementioned C45 and A48 steels, but the second phase is different as it is constituted of dispersed martensite islands instead of pearlite. The purpose of the present research is to provide further evidence of such abnormal thermal responses as, to the authors' knowledge, there is a lack of results in the literature for such complicated thermal responses of two-phase steels. We suggest that the abnormal change in thermal response is related to the deformation mechanisms in the ferritic phase, which transit from a thermally activated regime to an athermal regime.
Material and experimental procedure
Commercial dual-phase steel DP600 with the chemical composition given in Table 1 was used in this study. This ferriticmartensitic steel contains 15 wt% martensite and was received as sheets of 3.6 mm thickness. The mechanical properties of the material in the transverse direction are presented in Table 2 .
Sections of material were mechanically polished and were etched by using 2% Nital solution and then were studied by optical microscope. Fig. 1 shows the material microstructure that was obtained by optical microscopy.
A piezoelectric fatigue system was used for the fatigue tests at 20 kHz. Hourglass-shaped specimens were used with the geometry shown in Fig. 2 . The specimen dimensions were obtained from the analytical solution of the vibration equations to obtain a resonant vibration frequency of 20 kHz for the specimen. In all of the tests that were carried out in this research, the specimen was loaded in tension-compression
without cooling. All specimens were cut parallel to the transverse direction and were polished mechanically with a sequence of SiC papers (220-1200) and finally were electropolished to remove residual stresses induced by the machining and mechanical polishing. Surface profilometry analysis showed that electropolishing removes a material layer of $ 1.6 mm.
In order to measure the temperature evolution on the specimen surface during the tests, an infrared camera with a spatial resolution of 0.024 mm per pixel was used. The acquisition frequency was 10 Hz. Specimens were coated with a high-temperature resistant and strongly emissive black paint to limit the errors associated with surface emissivity.
Self-heating tests were conducted. These tests consisted of a series of cyclic loadings for the same specimen with increasing stress amplitude, as illustrated in Fig. 3 . At each stress amplitude, a fatigue test was carried out up to 10 7 cycles and the temperature field on the specimen surface was recorded. All testing steps were conducted at a constant stress amplitude, s a , and a constant loading frequency, f, of 20 kHz. At the end of each step, the testing machine was stopped and temperature measurements were continued for 2 min to record the temperature decrease of the specimen after stopping the test. A time gap of $ 10 min between two successive steps ensured that the specimen temperature was homogeneous and equal to the ambient temperature before starting the next loading step. Fatigue tests were repeated for three samples to ensure result reproducibility. In all cases, the temperature was measured at the center of the gauge part of the specimen in a circular area with a diameter of $1 mm (as shown in Fig. 4(b) ). It can be supposed that the temperature is homogenous along the specimen thickness and is equal to the surface temperature. The homogeneity of temperature through the thickness can be justified by calculating the Biot number, = Bi
where h is the convection coefficient, k represents the thermal conductivity and L c is the characteristic length, which is equal to the thickness in our case. This number represents the ratio of heat transfer resistance inside of and at the surface of a body. Therefore, by considering h ¼10 W m À 2 K À 1 for normal conditions and
for DP600 steel, the Biot number will be equal to 3.8 Â 10 À 4 . Because the Biot number remains far smaller than unity, the temperature can be assumed to be homogenous through the specimen thickness.
Experimental results

Temperature variations during cycling
As mentioned previously, successive steps of the fatigue tests were conducted with increasing stress amplitude and the mean temperature was registered at each step. For instance, Fig. 4 shows the mean temperature evolution during one of the loading steps and the temperature field on the specimen surface. From this figure it is clear that the mean temperature increased rapidly at the beginning of the test (Stage Ι) and then stabilized at a steadystate value (Stage ΙΙ). The stabilization of the temperature corresponds to a balance between the mechanical energy dissipated into heat and the energy lost by convection and radiation at the specimen surface and by conduction inside the specimen. Thus, the level of the stabilized temperature is linked directly to the dissipation. Stage ΙΙΙ shows the specimen natural cooling after stopping the test at 10 7 cycles. This cooling stage occurred because of the stop in dissipation (heat source) after stopping the test, and characterizes the heat losses due to conduction and convection. The evolutions of the mean temperature for some of the loading steps with different stress amplitudes are shown in Fig. 5 . This figure shows that by increasing the stress amplitude, the mean steady-state temperature grew gradually with the same trend as shown in Fig. 4 until it reached $ 100°C for the stress amplitude of 247 MPa (Curve (a) in Fig. 5 ). However, by increasing the stress amplitude from 247 MPa to 251 MPa, the temperature evolution trend changed. The temperature was below 135°C during the early 8 Â 10 6 cycles. At $ 8 Â 10 6 cycles, the mean temperature increased significantly, peaked at $ 350°C and then decreased slightly before it stabilized at $280°C (Curve (b)). For the next two loading steps with stress amplitudes of σ a ¼266 MPa and 273 MPa (Curves (c) and (d)), the temperature elevation was far less than the previous step at σ a ¼251 MPa. Increasing the stress to σ a ¼283 MPa (curve (e)) resulted in a significant increase in temperature with the same pattern as seen previously for σ a ¼ 251 MPa. These phenomena were repeated up to the specimen rupture at σ a ¼330 MPa. Indeed after the loading step with σ a ¼ 283 MPa (curve (e)), an increase in stress amplitude to 300 MPa in the following step resulted in a decrease in the temperature elevation, in the same way as that observed for σ a ¼ 266 MPa and 273 MPa. However, for the sake of brevity, the results of these subsequent loading steps are not presented in Fig. 5 . It should be mentioned that in Fig. 5 , for the loading steps with high stress amplitudes ( σ ≥247 a MPa), the initial parts of the temperature evolution curves are missing because the temperature was less than the minimum recordable value according the camera calibration.
Evolution of self-heating versus stress amplitude
For each loading step in Fig. 5 , and excluding the final step in which fracture occurred, the mean steady-state temperature elevation, which is defined as ∆ = − T T T steady 0 , is plotted versus the stress amplitude in Fig. 6 . T 0 is the initial temperature of the specimen that is recorded each time before starting the tests. Fig. 6 shows that the temperature elevation increased gradually by increasing the stress amplitude up to a critical value, σ c (corresponding to point A). Thereafter, an increase in the stress amplitude resulted in a significant increase in temperature elevation (point B). For subsequent slight increases in stress amplitude, the temperature elevation decreased substantially (points C and D) followed by another significant increase at s a ¼ 283 MPa (point E). This trend continued up to specimen rupture. Fig. 7 shows the temperature fields on the specimen surface obtained from infrared thermography for s a ¼s c ¼247 MPa (point A in Fig. 6 ), in which the temperature field on the specimen surface is correlated with the temperature evolution during cyclic loading. This figure shows that the temperature was distributed homogenously through the specimen width with a maximum zone at the center of the gauge area. The temperature field pattern was the same for all stress amplitudes smaller than σ c , with a difference only in steady-state temperature value, which increased with increasing stress amplitude. However, the temperature field was different for stress amplitudes greater than this critical stress amplitude, σ a 4 σ c , for which a sudden increase occurred in temperature elevation (stress amplitudes corresponding to points B and E, in Fig. 6 ). The thermographic images obtained for σ a ¼251 MPa (corresponding to point B in Fig. 6 ) are presented in Fig. 8 . As shown in this figure, after 7.756 Â 10 6 cycles, the temperature reached locally a minimum recordable value based on the camera calibration (T ¼135°C) and then an inhomogeneous temperature zone was observed at the left side of the specimen gauge part . Afterwards, this zone propagated through the specimen with increasing the number of cycles. This observation indicates the initiation of a strong localized dissipative mechanism and a consequent creation of a high-temperature zone. Fig. 8(d) and (e) show that after the temperature peaked at $ 350°C, the localized dissipation stopped and the temperature field became homogeneous through the specimen width. In other words, homogeneous dissipation occurred and temperature stabilized at a high level. For the higher stress amplitudes (point E in Fig. 6 ) the same behavior was observed up to the stress value at which specimen rupture occurred. Fig. 9 depicts the temperature field for σ a ¼330 MPa for different numbers of cycles up to rupture. Before N¼ 4.428 Â 10 6 cycles, the temperature was less than the minimum recordable value based on the camera calibration. However, after this number of cycles, an inhomogeneous temperature zone was visible near the specimen edge. This inhomogeneous zone grew rapidly up to specimen fracture, which corresponds to a maximum temperature. At this instant, the test stopped automatically and the temperature dropped suddenly. After the specimen cooled down, it was possible to observe the temperature distribution around the crack tip ( Fig. 9(f) ). In Fig. 9 (e), the white color means that the temperature exceeded the maximum recordable temperature of the camera (365°C) for $ 0.4 s. For stress amplitudes corresponding to points C and D in Fig. 6 , the temperature field pattern was the same as in Fig. 7 (no localized dissipative zone was observed). 
Heat source estimations
Temperature variation is not an intrinsic material response as it depends on the material diffusion properties and the thermal boundary conditions. Therefore, some methods have been developed to determine the heat source fields that accompany the temperature variations and these methods consider dissipated energy as a fatigue damage indicator. In other words, the dissipated energy in a unit volume of material is a more promising representation of the material behavior because of its clear physical meaning and its high sensitivity to microstructure evolution [4, 6] .
In this study, the specific form of heat diffusion equation proposed by Boulanger et al. [22] is used to estimate the intrinsic dissipation from temperature measurements. Assuming there is no coupling between microstructure and temperature and neglecting the convective terms, the heat diffusion equation is written as:
where ρ is the mass density, C is the specific heat,Ṫ denotes the time derivative of temperature, k is the conduction coefficient, s the is the thermoelastic source, d 1 is the intrinsic heat dissipation and r is the external volume heat supply. For the DP600 steel, ρ=7800 kg/m 3 and = C 460 J/kg/°C [23] . It is assumed that the volume heat source is time independent so it is expressed as:
in which T 0 is the initial equilibrium temperature. By assuming that the material parameters ρ, C and k are constant and by introducing the temperature increase θ = − T T 0 , the heat diffusion equation can be rewritten as:
where θ̇denotes the time derivative of temperature increase and ∆ is the Laplace operator. As suggested by Boulanger et al. [22] , for symmetric boundary conditions and initial conditions corresponding to a uniform temperature field, it can be assumed that heat losses are linear with respect to the temperature variation, so θ ∆ k can be approximated by θ ρ ∆ = θ τ k C , where τ is a time constant describing the thermal exchanges between the specimen and its environment. The heat diffusion equation is rewritten as:
The thermal boundary conditions are not symmetrical in this case because one end of the specimen is fixed to the horn and the other end is free as discussed by Blanche et al. [15] . However, the thermographic images that were presented in the previous section show that the specimen temperature field is symmetrical for a low stress amplitude. That is why Eq. (4) is considered here.
The time constant τ can be determined at the end of the test, just after the unloading when there is no applied stress; at this moment, the thermoelastic and intrinsic dissipation heat sources are zero whereas the temperature increase is not null
). Therefore, the heat equation is reduced to:
By solving the above equation, the theoretical relationship for temperature increase is obtained as:
where θ f is the temperature increase that is measured when the loading stops. Thus τ is estimated by fitting the experimental data with the theoretical evolution of θ.
Because the loading frequency is much higher than the frame rate of the infrared camera ( $ 100 Hz), it is not possible to measure the instantaneous value of θ, but only its average value can be determined over numerous loading cycles. Therefore, for any variable, by denoting:
where T 1 is the period of the loading, f is the loading frequency and n is the number of cycles, the heat diffusion equation can be rewritten as:
As stated by Boulanger et al. [22] , the sum of the thermoelastic power over one loading cycle is null (̃= s 0 the ), and thus the final form of the heat diffusion equation is obtained:
Therefore, in the stabilized regime, when θ̃=0, the intrinsic dissipation averaged over numerous cycles is determined from Eq. (9) as:
The mean dissipated energy per cycle can be obtained asd f / 1 , where f is the loading frequency.
Since at high stress amplitudes, the thermal and mechanical properties of the material can be changed because of the high temperature increase, this formulation was used to measure the dissipated energy per cycle for low stress amplitudes (up to 247 MPa) for which no abrupt temperature elevation occurred. Fig. 10 shows the measured dissipated energy per cycle as a function of stress amplitude. A higher stress amplitude yields a higher dissipated energy. Moreover, the dissipated energy per cycle is a quadratic function of stress amplitude.
Discussion
Several questions should be answered regarding the thermal response of the material under ultrasonic fatigue loading, as shown in Fig. 5 . What are the heating mechanisms at different ranges of stress amplitude? What is the reason for the substantial increase in temperature at stress amplitudes above 247 MPa? What is the reason for the subsequent slight decrease in temperature before stabilization for such high stress values? This section will address these questions.
Two self-heating regimes
In general, for materials with a stabilized microstructure, two main heating mechanisms can be considered that result in a temperature increase during fatigue tests [19, 24, 25] : for low stress amplitudes, below the fatigue limit, microplastic deformation is negligible and the intrinsic dissipation stems from dislocations that move with friction because they interact with the lattice (Peierls-Nabarro landscape) and/or solute atoms. This motion is quasi-recoverable after unloading or fully reversed loading and is labeled as anelasticity from a macroscopic viewpoint. On the contrary, for higher stress amplitudes, microplastic deformation occurs and considerably increases the heat source, which results in high temperature elevations. The critical stress amplitude corresponding to the change in thermal response from the low-stress amplitude regime to the high-stress amplitude regime is associated with the fatigue limit by many authors [1] [2] [3] [4] [5] [6] . Guo et al. [6] reported that this change is related to the transition of deformation mechanism from anelasticity to a combination of anelasticity and microplasticity. Munier et al. [5] also evidenced two selfheating regimes. The primary regime was characterized by a slope of 2 when plotting the self-heating-stress amplitude curve using a logarithmic scale (showing a quadratic evolution of the selfheating versus stress amplitude) for all the studied steel grades. For the secondary regime, the slope varied from 6 to 30 depending on the steel grades and was equal to $ 13 for DP600 steel grade. However, they attributed both regimes to microplasticity mechanisms.
In our case, a quadratic evolution of the dissipated energy per cycle versus stress amplitude was found for low stress amplitudes (below 247 MPa). Above 247 MPa, an abnormal thermal response was observed: a strong and localized dissipative zone occurred, which resulted in an abrupt increase in temperature followed by a slight temperature decrease and then temperature stabilization. In the following sections, the thermal response for both cases (stress amplitudes below and above 247 MPa) is discussed.
Material thermal response at low stress amplitudes
Concerning the dissipated energy measurements (Fig. 10) for low stress amplitudes ( σ a o247 MPa), the change in dissipated energy per cycle with increasing stress amplitude is of quadratic form. This result is consistent with the Munier et al. results for the low-frequency fatigue loading (30 Hz) of DP600 steel [5] . Considering that the dissipated energy results from anelastic or inelastic material behaviors that are characterized by constant properties, we obtain the following expressions for dissipated energy [25] ; by assuming a prescribed sinusoidal stress with amplitude σ a and a Kelvin-Voigt model (spring and dashpot in parallel), the dissipated energy per cycle for anelastic behavior is [25] :
where μ and η are the elastic and viscous moduli, respectively.
For inelastic behavior and a zero mean stress, the dissipated energy per cycle is [25] :
In both cases, and considering constant material properties (μ and η), the dissipated energy per cycle is a quadratic function of the stress amplitude. In this experimental work, because the dissipated energy per cycle was a quadratic function of the stress amplitude for low stress amplitudes, it can be assumed that the material internal state remained nearly the same during cyclic loading.
In ferritic-martensitic dual-phase steel, as the hardness of martensite is much higher than ferrite, dislocations are assumed to move only in the ferritic phase, which is characterized by a bodycentered cubic (bcc) structure. In bcc metals, the flow stress (or flow behavior) depends strongly on temperature and strain rate at low temperatures. Mughrabi et al. [26] described the temperaturedependent deformation of bcc metals by a schematic diagram as shown in Fig. 11 . As this figure shows, two deformation modes can be considered based on a transition temperature T 0 . In the lowtemperature (or thermally activated) mode (T oT 0 ), the screw dislocations are immobile and the edge dislocations move to-andfro in a non-hardening quasi-recoverable manner. On the other hand, in the athermal mode (T 4 T 0 ), mobilities of the screw and edge dislocations are comparable and screw dislocations can cross slip easily. In this mode, strain localization can occur on slip bands and more energy can be dissipated because of high dislocation mobilities. The transition temperature T 0 highly depends on strain rate and can be shifted to higher values at high strain rates. For instance, according to the flow behavior diagram reported by Campbell and Ferguson [27] for a 12 wt% carbon mild steel, T 0 would shift from 25°C to 100°C by increasing the strain rate from 0.01 s À 1 to 1 s À 1 . For ultrasonic fatigue loadings at low stress amplitudes from 60 to 247 MPa, the maximum strain rate ranges from 34 s À 1 to 141 s . Therefore, for such high strain rates, the transition temperature for the DP600 should be higher than room temperature. As a result, and as suggested by Favier et al. [16] for α-iron, the thermally activated mode, which is typical of a bcc structure, prevailed at room temperature for a 20-kHz cyclic loading at low stress amplitudes. As mentioned previously, the dissipated energy probably resulted from the to-and-fro motion of dislocations, which results in slight changes in the material internal state, which is consistent with Eqs. (11) and (12).
Material thermal response at high stress amplitudes
During the ultrasonic fatigue tests, by increasing the stress amplitude successively (Fig. 3) , the steady-state temperature of the material under cyclic loading increases. Based on the Fig. 11 . Schematic diagram of flow stress of bcc metals versus temperature, from [26] . aforementioned concept of transition between the thermally activated regime and the athermal regime, it can be supposed that 100°C is a critical steady-state temperature corresponding to σ = c 247 MPa, above which a transition occurs in the deformation mode. This transition results in a significant increase in dissipated energy per cycle and temperature because of the high mobility of the dislocations in the athermal regime. Because of microstructural and mechanical heterogeneities, the mechanisms associated with the athermal regime operated at one edge of the specimen and spread throughout the specimen width because of thermal diffusion. The transition from the thermally activated regime to the athermal regime can thus be considered as a possible mechanism that is responsible for the significant heating observed for high stress amplitudes (247 MPao s a o330 MPa). Another hypothesis that can be developed is that the strong heating mechanism is related to the initiation of short cracks and a resulting local plasticity at the crack tips; these short cracks are arrested by microstructural barriers after a small number of cycles. However, further investigations are required to validate these hypotheses. Another point that should be studied regarding the thermal response of the material is the decrease in temperature before the final saturation for the loading steps that involve an abrupt temperature increase (Curves (b) and (e) in Fig. 5 ). In general, a temperature decrease during a fatigue loading step can result from a change in heating source [13] or a hardening mechanism in the material which reduces the heat dissipation that is deduced from plasticity. Ranc et al. [13] observed such a decrease in temperature for a martensitic steel containing some residual austenite in the microstructure. In their case, martensitic transformation occurred at the beginning of the fatigue tests and acted as a heat source. When the transformation ended, the dissipation decreased, which resulted in a slight decrease in temperature before saturation. However, in our case, the microstructure of the DP steel was stabilized and no phase transformation occurred. The experimental results show that the decrease is related to the high temperature that the material experiences under ultrasonic fatigue loading at high stress amplitudes. In the athermal regime, the mobilities of screw and edge dislocations are similar and the mechanisms of multiplication of dislocations, such as Frank-Read sources operate much more easily than in the thermally activated regime. This leads to a pronounced cyclic hardening [28] . Therefore, the slight decrease in temperature before stabilization most likely arises from a hardening mechanism that is related to the multiplication of dislocations that occurred in the material.
According to the results reported by Ekrami [29] , for dualphase steels with different morphologies, the yield and ultimate tensile strengths increase with increasing testing temperature up to $ 450°C and then decrease at higher temperatures. Up to 450°C, they observed clear serrations on the stress-strain curve. The serrated yielding indicated the occurrence of dynamic strain aging that affected material hardening. In iron-based alloys (bcc metals), this phenomenon is attributed to elastic interactions of glide dislocations with diffusing solute nitrogen and carbon atoms during deformation at high temperature [30] . During cyclic loading, dynamic strain aging that results in a strong increase in stress amplitude was also observed [28, 31] .
In our case, as shown in Fig. 5 , for σ a ¼251 MPa the maximum temperature was $ 350°C immediately before the slight decrease in temperature. Therefore, based on the aforementioned concepts, at this temperature, because of the multiplication of dislocation and dynamic strain aging, the material was work-hardened, and consequently, the plastic dissipation decreased, which resulted in a decrease in temperature before saturation. In addition, with increasing temperature, the annihilation rate of dislocation increases while the multiplication rate remains approximately constant [26] . These competitive hardening-softening mechanisms led to a final saturation in temperature.
Afterwards, when the specimen cooled down and was loaded in the next loading step at higher stress amplitudes, the temperature elevation decreased (Points C and D in Fig. 6 ); because the material was hardened in the previous step. Finally, at the next loading steps, thanks to an increase in stress amplitude, large dislocation motion occurred again in localized zones producing strong intrinsic dissipation and, once more, large temperature elevations.
Conclusions
The thermal response of DP600 dual-phase steel was studied under ultrasonic fatigue loading, and an abnormal temperature evolution was observed at stress amplitudes above 247 MPa. Two deformation regimes were distinguished and discussed based on the transition between the thermally activated deformation mode and the athermal deformation mode for the ferrite phase.
-Below 247 MPa, a quadratic evolution of the dissipated energy per cycle as a function of stress amplitude was determined. The to-and-fro glide of the edge dislocations was considered to be the main dissipative mechanism. This motion is quasi-recoverable and leaves a quasi-constant dislocation structure (no cyclic hardening). -Above 247 MPa, a strong increase in temperature was observed as a consequence of the expansion of strong dissipative zones throughout the specimen width. The temperature decreased slightly to a more or less steady-state during cycling. The presence of strong dissipative zones was attributed to the fact that the transition temperature between the thermally activated deformation mode and the athermal deformation mode was reached because of self-heating. Therefore, the dislocation mobility increased strongly leading to strong dissipated energy in those zones. The higher mobility of dislocations also resulted in a multiplication of dislocations and cyclic hardening. At $ 300-350°C, dynamic strain aging was assumed to operate as an extra hardening mechanism.
